To improve the wear performance of contacting components, novel surface coatings have been developed over the past decade. In the present investigation, extended duration pin-on-disk experiments were carried out to determine the relative performance of tungsten disulphide, electroless nickel (MP6 and LP9) and hard chromium coatings for use in a commercial brake valve assembly. In the experiments, 100 µm thick coatings were applied to the disk surface and tests were conducted in both lubricated (transmission fluid with 5% weight boric acid additive) and unlubricated conditions. To establish the overall performance of the coatings, the friction coefficient and disk wear rate values were recorded over a sliding distance of 6280 m. Based on the experiments, it was observed that both the electroless nickel and the chromium coatings had moderate friction and insignificant wear over the sliding distance examined. Self lubricating tungsten disulphide, in contrast, exhibited very low friction, but completed degraded over time making it unsuitable for the application of interest.
INTRODUCTION
Advances in the field of surface engineering and material science over the past decades has lead to the development of novel coating materials. It is well known that most components fail from surface initiated defects such as wear and corrosion. Surface coatings substantially improve the performance and lifetime of mating surfaces. In the present research, tungsten disulphide (WS 2 ), electroless nickel and hard chromium coatings were analyzed for use in a commercial brake valve assembly where lubricant replenishment is not feasible.
Reviewing the literature, WS 2 ( Figure 1a ) has been found to exhibit high wear resistance and beneficial friction characteristics when applied to a substrate [1] . Previous studies using X-ray diffraction showed that WS 2 is very stable at high temperatures. In fact, an optimum level of WS 2 coating has been found to reduce wear in air and vacuum up to 600°C [2] . Electroless nickel (Figure 1b ) coatings are being increasingly used for applications which require high corrosion and wear resistance [3] [4] [5] . With the advantages of high stability of the plating bath, high plating rate, and high reproducibility of the bath solution, electroless nickel is a viable option for our application. For this reason, two different types of electroless nickel coatings will be analyzed in the present research -MP6 (Medium Phosphorus) and LP9 (Low Phosphorus). The final surface coating to be investigated is hard chromium ( Figure  1c ). Hard chromium was chosen because it has been electrodeposited in a wide range of industrial applications for more than a decade. Its popularity stems from the fact that it provides a high level of hardness, a strong resistance to wear and corrosion, and a low coefficient of friction. One drawback of hard chromium coatings are their lower resistance to wear at higher temperatures, particularly when objects are subjected to thermal stresses [6] . Furthermore, there has been increasing concern surrounding the processing of chromium plating using hard chromium [7] .
The primary objective of the present investigation is to review the performance of various surface coatings that can be 
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applied to the break valve. The brake assembly is made of copper alloys and consists of a male slide valve that mates within a bushing (valve seat) housing (Figure 2 ). Due to the lack of lubricant replenishment and the entrapment of particulates from the environment, the present performance of the brake valve assembly significantly degrades over time from longitudinal wear along the slide valve surface.
EXPERIMENTAL PROCEDURE
In order to study the friction and wear characteristics of the chosen coatings, pin-on-disk mechanical wear experiments were performed under the same conditions experienced by the brake valve assembly. To represent the slide valve in the experiments, 50.8 mm diameter disk samples were prepared from Copper alloy 84400. The surfaces of the discs were polished in order to obtain the same surface roughness (Ra) of 0.2 microns as the slide valve. Four different coatings (WS 2 , Electroless Nickle MP6 and LP9, and Hard Chromium) of 100 µm thickness were then applied to the disk surfaces to determine their wear performance. To represent the bushing material, a 38.1 mm long pin was constructed from copper alloy C-93200.
The uncoated pin was machined to a hemispherical radius of 6.35 mm. This radius was chosen to exert the same maximum contact pressure as that experienced by the slide valve (689.48 kPa). During the wear experiments, 6280 m of sliding between the pin on the disc were programmed to represent the total pneumatic application of the brake during its expected lifetime. Both lubricated (transmission fluid with 5% weight boric acid additive) and unlubricated conditions were studied for each disk coating material. Throughout the wear tests, the variation of the friction coefficient was continuously recorded as a function of sliding distance. During each test, the wear tracks on the coated discs were analyzed using a profilometer.
RESULTS AND DISCUSSIONS
To establish a baseline for comparison, the case of no disk coating or lubricant material was examined. In this case, a high level of friction (0.60) and wear rate (3.55e -7 mm 3 /s) were observed on the disk as a result of significant asperity interaction during the 6280 m of sliding. Of the coatings tested, the tungsten disulphide proved to be the best material for reducing friction. For the WS 2 coating, very low friction was obtained for both the unlubricated (0.14) and lubricated (0.02-0.04) cases throughout the sliding tests. This can best be explained by the fact that the WS 2 molecules (Figure 1c ) bond to the substrate in spherical structures that slide easily over one another when sheared. The initial wear tracks (after 1000m sliding) for WS 2 revealed that the extended sliding tests generated a smooth wear surface that contained fine selflubricating wear-debris particles. The major drawback of the WS 2 coating, however, was its limited wear life. In the unlubricated experiments, the 100 µm WS 2 coating was totally removed from the disk surface after approximately 2400m of sliding. The lubricated experiments yielded slightly better results but failed after 3800 m of sliding. In either case, the WS 2 coating completely degraded at distances less than 6280 m, which makes it undesirable for the intended application.
For the electroless nickel coatings, the pin on disk experiments showed that the friction coefficient in the medium phosphorous (MP6) and low phosphorus (LP9) cases followed identical trends. After an initial run in period, the coefficient of friction of both coatings became stabilized at 0.55 for the unlubricated case and varied between 0.05-0.07 when lubricated. For both coatings, the disk surface showed no appreciable wear track and a very uniform disk surface roughness profile after the 6280 m of sliding. For the unlubricated case, the average surface roughness values for the MP6 and LP9 coatings in the contact regions were 0.1µm and 0.159µm respectively; whereas roughness values of 0.049µm (MP6) and 0.09µm (LP9) were obtained when lubricated.
The final sets of tests were carried out on disk samples coated with a proprietary blend of pure chromium that had a measured hardness between 70-72 Rockwell C. The steady state friction values for this coating were in the range of 0.46-0.54 during the unlubricated tests and between 0.05-0.07 in the presence of a lubricant. As in the case of the electroless nickel coated samples, the disk coatings showed excellent wear resistance and did not generate an appreciable wear track after 6280 m of sliding. The average surface roughnesses of the disks were respectively 0.075µm and 0.147µm with and without the applied lubricant.
CONCLUSIONS
Reviewing the coating materials studied for use along the contacting face of the slide valve, WS 2 was found to be unsuitable because of its degradation over the sliding distance tested. All of the other coating materials examined performed effectively and exhibited nearly identical friction and wear behavior for both lubricated and dry conditions. Closely examining the results, the MP6 electroless nickel appears to be the best material of those tested based on the fact that it had the lowest final surface roughness along the disk surface. The lower roughness indicates that the MP6 nickel had less asperity interaction than either the LP9 or hard chromium coatings, and would therefore likely have the longest life. Furthermore, the application costs of MP6 nickel is significantly less than hard chromium.
